The status of several small carnivores in Asia remains poorly known because of the lack of rigorous population assessments. The leopard cat Prionailurus bengalensis is one such species assumed to be common and widespread within the Indian subcontinent. We conducted surveys using automated cameras to estimate densities and abundance of leopard cats in and around 4 protected reserves in the Western Ghats of India. A total effort of 16,736 camera-days across a 2,075-km 2 area resulted in 65 detections of 43 uniquely identified individuals. We estimated leopard cat densities using closed population spatial capture-recapture models under a Bayesian framework. Estimated density was highest in Bhadra Tiger Reserve at 10.45 (± 3.03 SD)/100 km 2 followed by 4.48 (± 1.31 SD)/100 km 2 in Biligiri Rangaswamy Temple (BRT) Tiger Reserve. The surveys yielded sparse data from Nagarahole and Bandipur reserves. High local densities in Bhadra and BRT were clustered around secondary, disturbed or partially modified forests and human-use areas. Our results provide information critical to the conservation of leopard cats, emphasizing the importance of maintaining habitat buffers and wildlifepermeable areas around protected reserves. Insights from our study highlight the potential of the Western Ghats landscape to serve as a long-term conservation area for leopard cats. Further, our study demonstrates the utility of spatially explicit capture-recapture methods for estimating populations of leopard cats, and may be applied to other threatened small carnivores that are uniquely identified from their morphological features.
The ecological and trophic niche that charismatic large felids occupy makes them flagships in their respective habitats and ideal species for targeting conservation efforts (Kruuk 2003; . Most of the 36 species in family Felidae, however, are small cats (Sunquist and Sunquist 2002) that are data deficient, but play important ecological and socioeconomic roles since they primarily prey on terrestrial rodents (Pearson 1964; Kitchener 1991; Nowell and Jackson 1996) . South and Southeast Asia have more small cat species than elsewhere in the world (Mukherjee 2013 ). Yet, surprisingly little is known about their population status, and few studies have estimated abundances even for some of the most common small cat species (Brodie 2009) . Status assessments by the International Union for Conservation of Nature rely on extent of species' geographic range when measures of population size are not available (Mace et al. 2008) . Consequently, species such as the marbled cat (Pardofelis marmorata), rusty-spotted cat (Prionailurus rubiginosa), and leopard cat (Prionailurus bengalensis) are placed under the vulnerable or least concern categories although they may be severely threatened in many areas (Grassman et al. 2008; Khan and Mukherjee 2008; Sanderson et al. 2008) .
Among the small cats of Asia, the leopard cat is presumed to be the most common and widespread species, occurring from the Russian Far East in the north to the islands of Southeast Asia in the south (Sanderson et al. 2008) . Leopard cats are known to adapt easily to anthropogenic land-use/land-cover modifications and use a wide variety of habitats across their range (Nowell and Jackson 1996; Sanderson et al. 2008; . Despite this plasticity, habitat loss and fragmentation adversely impact leopard cat populations globally (Nowell and Jackson 1996) . Additionally, commercial exploitation for skins, food, and pet-trade continues to threaten their survival (Sanderson et al. 2008 ).
Obtaining reliable estimates of leopard cat abundance is important to understand their population and conservation status in the wild. Since species like the leopard cat have individually identifiable markings, powerful capturerecapture techniques can be used on repeated "captures" of marked animals to estimate abundance and other population parameters (Kendall et al. 1995; Williams et al. 2002) . But because leopard cats are mostly nocturnal and elusive (Rabinowitz 1990; Grassman 2000; Azlan and Sharma 2006; Bashir et al. 2013) , capture-recapture analysis using data from direct encounters or physical captures is not feasible. This problem was first addressed in India using automated camera surveys of tigers (Karanth and Nichols 1998 ) and subsequently applied to capture-recapture studies of other large carnivores globally (O'Connell et al. 2011) . These methods have also been successfully applied to population studies of small cats in Europe (Sarmento et al. 2010; Anile et al. 2012) , South America (Trolle and Kéry 2003; Kolowski and Alonso 2010; Reppucci et al. 2011) , and more recently in Southeast Asia (Wilting et al. 2012; Mohamed et al. 2013) .
While there is a growing body of empirical work on leopard cat ecology, including ranging behavior, diel activity patterns, diet profiling, and distribution in Southeast Asian countries (Grassman 2000; Haines et al. 2004; Grassman et al. 2005; Rajaratnam et al. 2007; Watanabe 2009; Mohamed et al. 2013) , little is known about their ecology in India. Leopard cats are perhaps the second most abundant small cat species in the country, after the jungle cat (Felis chaus- Nowell and Jackson 1996; Sanderson et al. 2008; Mukherjee et al. 2010 ). Yet, scarce information exists on their population status possibly because they are not as abundant in India as in Southeast Asian countries. Previous studies of leopard cats in India have been mostly limited to documentation of occasional sighting records (Karanth 1986; Mudappa et al. 2004; Kumara and Singh 2007) . Their distribution was hitherto thought to extend from the Western Ghats, throughout central India and the northeastern states (Sunquist and Sunquist 2002; Sanderson et al. 2008) . A genetic and ecological reevaluation by Mukherjee et al. (2010) , however, suggests that the population in Western Ghats is genetically distinct and geographically isolated from the northeast Indian and Southeast Asian populations. Other isolated populations of leopard cat subspecies, the Iriomote cat (Prionailurus bengalensis iriomotensis) and the Visayan leopard cat (P. b. rabori), have suffered drastic declines in numbers and are now severely threatened (Izawa 2008; Lorica 2008) . This necessitates an assessment of leopard cat densities and abundance in the Western Ghats, a potential stronghold, where the subpopulation probably constitutes a distinct subspecies (Mukherjee et al. 2010) .
The range-wide distribution of leopard cats is favored by relatively low annual temperatures and high precipitation (Mukherjee et al. 2010) . But limited understanding exists on factors that influence their local abundances. In this context, it is pertinent to assess their densities across a gradient of landcover types as a direct measure of their status in the wild and to gauge the potential of wildlife reserves and human-modified areas in supporting viable populations of leopard cats. We carried out camera surveys in and around 4 wildlife reserves in the Western Ghats of India ( Fig. 1 ) and used photo-captures of uniquely identified leopard cats to estimate their populations. The 4 reserves have distinct vegetation types and have varying histories and intensities of protection and anthropogenic modifications. Since species abundance is influenced by distribution of resources and quality of habitat, our expectation was that abundance and local densities of leopard cats would vary as determined by the habitat features and extents of anthropogenic disturbance in the 4 reserves. 
Materials and Methods

Study Areas
Bhadra.-Bhadra Tiger Reserve is a 492-km 2 protected area in Chikmagalur district (Karnataka, India). The vegetation is a mix of wet evergreen forests and moist deciduous forests dominated by bamboo. The annual rainfall ranges from 2,000 to 2,540 mm. The reserve is still in the process of recovering from past anthropogenic impacts following voluntary resettlement of forest villages from the park in 2002 (Karanth 2007) . Large mammals are currently at lower densities compared to similar reserves in the landscape, which have had a longer history of protection (Karanth et al. 2004; Gopalaswamy et al. 2012a) . Abutting the protected area is a land-cover matrix of unprotected reserve forests and large tracts of coffee plantations. The shade-grown coffee shrubs are interspersed with trees like Erythrina lithosperma, Gliricidia maculata, Ficus spp., and the nonnative Grevillea robusta (Bali et al. 2007) .
Nagarahole and Wayanad North.-Nagarahole Tiger Reserve is a 644-km 2 protected area in the Kodagu and Mysore districts of Karnataka. The protected area receives an annual rainfall ranging from 1,000 mm in the eastern parts to 1,500 mm in the western parts. The vegetation consists of tropical moist deciduous and tropical dry deciduous forests (Karanth and Sunquist 1992) . The land cover outside the protected area includes large tracts of unprotected multiuse forests and coffee plantations toward the western parts and cultivated crop mosaic toward the eastern parts (DeFries et al. 2010) . Nagarahole is contiguous with the northern block of Wayanad Wildlife Sanctuary (in the state of Kerala) comprising the Tholpetty range (78 km 2 ). We henceforth refer to this complex as Nagarahole.
Bandipur and Wayanad South.-Bandipur Tiger Reserve is a 935-km 2 protected area in the Chamarajnagar district of Karnataka. It receives an annual rainfall ranging from 700 to 1,200 mm. Bandipur supports 4 major land-cover types: dense forest, woodland to savanna woodland, tree savanna and scrub woodland, and dense thicket. The protected area has some of the highest densities of large carnivores and herbivore ungulate species in the country (Karanth et al. 2004) . In parts of the reserve, the understory is dominated by the invasive plants Lantana camara and Chromolaena odoratum. The areas surrounding the park have extensive anthropogenic modifications such as agricultural lands, production landscapes, and pasture lands (Das et al. 2006) . Bandipur is contiguous with the southern block of the Wayanad Wildlife Sanctuary in Kerala. The southern block of forests (266 km 2 ) comprises Kurchiyat, Sulthan Bathery, and Muthanga ranges. We henceforth refer to this complex as Bandipur. Biligiri Rangaswamy Temple.-Biligiri Rangaswamy Temple (BRT) Tiger Reserve, which is spread across an area of 540 km 2 , forms a link between the Eastern and Western Ghats. The reserve has an altitudinal range of 660-1,807 m and annual rainfall that ranges from 500 to 1,800 mm. Both these factors combine to support highly diverse vegetation that ranges from scrub, dry, and moist deciduous forests to evergreen forests, sholas, and montane grasslands. A variety of anthropogenic pressures exerted by over 50 human settlements in and around the sanctuary pose major threats to wildlife (quarrying, poaching, illegal logging, firewood collection, and overgrazing by livestock; Barve et al. 2005) .
Field Surveys
We conducted camera surveys in the dry season, from January to June 2013. We set up pairs of automated digital cameras at 122 locations across Bhadra, 161 locations in Nagarahole, 180 locations in Bandipur, and 99 locations in BRT. In Bhadra, 101 camera stations were located inside the protected reserve (forest habitat) and 21 stations were in coffee plantations. Similarly, in BRT, 93 camera stations were located in the reserve and 6 in coffee plantations. The locations were chosen so as to obtain uniform geographic coverage across the study sites. Details of site-wise sampling duration, average interstation distance, and camera array areas are in Table 1 . Camera stations consisted of 2 automated Panthera v4 digital cameras (Panthera, New York), placed on either side of forest roads and plantation roads. Setting up 2 cameras enabled us to obtain photographs of both flanks of leopard cats, increasing reliability in assigning unique identities to individuals.
The cameras were set up at a height of 45 cm from ground level along forest roads; their locations chosen so as to optimize capture probabilities of large carnivores (tigers and leopards). But small felids and other small carnivores also use such forest roads extensively (Chen et al. 2009; Johnson et al. 2009; Cheyne and MacDonald 2011) . The field surveys, therefore, yielded sufficient photo-captures of leopard cats for capture-recapture analyses. Surveys were carried out for 30 consecutive days in each site. We assumed that the 30-day period would be short enough to ensure demographic closure (Nichols and Karanth 2002) . The cameras were kept active 24 h a day to maximize photo-captures. Assigning Individual Identities Our aim was to estimate leopard cat densities under a spatial capture-recapture framework (Royle and Young 2008) . For this, we first generated encounter histories for each uniquely identified animal based on the spatial locations and frequencies of encounters. Two experienced analysts, with expertise in matching pelage patterns of tigers and leopards from photographs, assigned individual identities to leopard cats. Based on the location and date and time of encounters, we first matched individuals with both right and left flank photographs and assigned them full identities. We then matched these individuals with all encounters of either only left or only right flanks. For analyses we used encounters of all individuals with full identities along with encounters of the flank that had the most number of captures (either only lefts or only rights).
Estimation of Leopard Cat Densities
Spatial capture-recapture models incorporate location and movement of individual animals relative to the camera station, allowing encounter probabilities to decline with increasing distance between cameras and individual activity centers (Royle and Young 2008; Reppucci et al. 2011 ). The models estimate 2 key parameters: λ 0 , the expected baseline encounter rate at a camera located at an individual's activity center, and σ, the scale parameter related to home-range size. Density D is a derived parameter estimated using λ 0 , σ, and Nsuper (see Royle et al. 2009a for detailed parameter definitions). Density estimates from spatial capture-recapture models may be obtained using either maximum-likelihood (Borchers and Efford 2008; Efford et al. 2009) or Bayesian (Royle et al. 2009a (Royle et al. , 2009b approaches. Since Bayesian approaches are generally more robust with smaller data sets (as in our case), we analyzed the data in a Bayesian framework using Markov Chain Monte Carlo (MCMC) methods, implemented in R package SPACECAP version 1.0.6 (Gopalaswamy et al. 2012b) .
We set the state-space S to be roughly 4 times the size of the camera array polygon area, so that it would be large enough to contain all potential activity centers of leopard cats in each reserve. Program SPACECAP uses a discrete habitat mask wherein nonhabitat areas can be "clipped" out. All areas within the defined state-space that were unlikely to have presence of leopard cats, such as open agricultural fields, developed areas, and large water reservoirs, were thus clipped out. The final discrete habitat mask consisted of pixels sized at 0.336 km 2 each, so that fine-scale variation in spatial densities could be visually depicted. We used 60,000 MCMC iterations (with initial burn-in of 10,000) and the thinning rate for chains was set to 1. Setting the thinning rate to 1 enabled us to obtain adequate number of iterates for goodness-of-fit tests and reliable diagnostic scores. The augmentation value M (maximum number of leopard cats that could exist in the state-space) provided was ~15 times the number of individuals actually photo-captured. We used Geweke diagnostic scores (Geweke 1992) provided by SPACECAP to check for convergence of chains. We present the parameter estimates as posterior means with posterior standard deviations and 95% highest posterior density intervals.
Leopard Cat Abundance
The abundance Nsuper estimated in program SPACECAP relates to the total number of activity centers in the state-space, a region that is much larger than the actual area of interest, or effective sampled area. Using the estimated σ value, we first computed this effective sampled area around the camera array polygon (Royle et al. 2013) . In program SPACECAP, space usage by individuals is assumed to follow a bivariate normal distribution, where the distance between camera locations and activity centers follow a chi-square distribution with 2 degrees of freedom. Therefore, 95% of all the realized distances would be within σ × (√(q(0.05, 2))) distance from the camera array polygon. Here q(0.05, 2) specifies a 0.05 critical value on 2 degrees of freedom, which is 5.99. In practice, the estimated value of σ can be used to obtain the area around the camera array containing 95% of movement outcomes. We obtained the effective sampled area for each site by adding a buffer of σ × √5.99 to the corresponding camera array. This method of computing the effective sampled area supersedes older methods because it utilizes an estimated parameter (σ) from the data set to realistically compute the area sampled, which is generally larger the camera array area. The effective sampled area thus computed is such that the value of Nsuper/S is equal to N /effective sampled area (Royle et al. 2013) . We calculated leopard cat abundance N in each reserve by multiplying the estimated density D with the respective effective sampled areas.
Results
In Bhadra, we invested 3,629 camera-days of effort during the survey and this yielded a total of 59 photo-captures of leopard cats. We were able to assign unique identities to 22 individuals (7 with both flanks and 15 with only left flanks). We used a total of 32 photo-captures of these 22 individuals (4 individuals were captured at multiple locations) for the spatial capture-recapture analyses. In BRT, 2,966 camera-days of effort yielded 36 photo-captures of leopard cats (23 right and 13 left). We assigned identities to 11 unique individuals and used 21 photocaptures for analyses (7 individuals were captured at multiple locations). In Nagarahole, we invested 4,760 camera-days of effort. But these surveys yielded only 7 photo-captures of leopard cats (5 right flanks and 2 left flanks). Similarly, in Bandipur, we obtained 12 photo-captures of leopard cats from 5,381 camera-days of effort. We were able to assign unique identities to 5 individuals (with 7 captures). Because of the low sample size in captures and recaptures, data from these 2 sites were not used for analyses.
Results from spatial capture-recapture analyses for Bhadra and BRT are in Table 2 . The key parameters presented in the table include baseline encounter rate of leopard cat individuals at cameras (λ 0 ), the scale parameter related to home-range size of leopard cats (σ), and density of leopard cats in the speci- Multiplying the density estimates generated in SPACECAP with the effective sampled area, we estimated leopard cat abundance N at approximately 75 individuals in the Bhadra landscape and 22 individuals in BRT (Table 2) . We generated surface density maps (Gopalaswamy et al. 2012b ) to visually depict posterior estimates of pixel-level densities of leopard cats in the landscape (Figs. 2 and 3 ). These pixels were sized at 0.336 km 2 each (see Royle et al. 2009a) , providing a spatial grain fine enough to examine locations of potential activity centers during the MCMC iterations and to assess spatial variation in density based on the full analyses.
Discussion
Patterns of leopard cat densities in the Western Ghats.-A range-wide assessment by Mukherjee et al. (2010) suggests that large-scale distribution of leopard cats is positively influenced by annual precipitation, suggesting that leopard cats typically inhabit wetter areas. This pattern was somewhat consistent in our study; Bhadra (which has the highest annual rainfall) supported the highest densities, followed by BRT. The drier reserves, Nagarahole and Bandipur (see "Materials and Methods"), seemingly support much lower densities of leopard cats.
Nagarahole and Bandipur have been relatively undisturbed protected reserves for over 3 decades, with very little anthropogenic activities. Bhadra, on the other hand, has a shorter history of intensive protection, with forest villages being relocated only about a decade ago (Karanth 2007) . In contrast, BRT currently has forest village enclosures and coffee plantations within the park boundary. Examining pixel-wise density gradients of leopard cats, we observed that the high-density patches were clustered around coffee plantations and human settlements in the case of BRT (Fig. 3) . In Bhadra, high-density areas were mostly restricted to secondary forests and coffee plantations outside the park boundary and village-relocated sites within the reserve. While large-scale distribution of leopard cats may be influenced by a rainfall gradient, secondary, disturbed forests and partially modified forests appear to favor relatively high local densities at finer spatial scales (Figs. 2 and 3) .
The closed understory structure of coffee plantations, in combination with their proximity to human settlements, favors the presence of many murids and shrews (Schmid-Holmes and Drickamer 2001; Shanker 2001; Stenseth et al. 2003) . Since leopard cats largely prey on terrestrial rodents (Grassman 2000; Grassman et al. 2005; Rajaratnam et al. 2007; Bashir et al. 2013) , we suspect this may be the reason for their local densities being higher in coffee plantations and human-use areas. These patterns are consistent with findings of leopard cat habitat-use reported from northeast India and Southeast Asia (Azlan and Sharma 2006; Bashir et al. 2013) . Although the estimated density in Bhadra was higher than the other 3 reserves in our study area, we note that leopard cat densities in the forests of Malaysian Borneo, derived from similar methods, were much higher, ranging from 9.6 to 16.5 cats per 100 km 2 (Mohamed et al. 2013) .
Population dynamics and ecological interactions.-Nagarahole and Bandipur, with the lowest encounter rates of leopard cats, support some of the highest densities of tigers and leopards (18-26 large felids/100 km 2 ) globally. Therefore, we speculate the possibility of competitive exclusion in these 2 reserves and, concurrently, a mesopredator "release" (Prugh et al. 2009 ) in Bhadra and BRT, where large felids occur in relatively low numbers. While this may offer some explanation for the stark difference in abundances across the reserves, we also maintain that our results represent leopard cat numbers from a snapshot in time. Several species of wild felids show annual fluctuations in their populations (Karanth et al. 2006) . Monitoring leopard cat populations across years may, therefore, show differences in abundance over time.
Camera surveys across the 4 reserves that constitute our study area also yielded photo-encounters of jungle cats and rusty-spotted cats, suggesting that they are sympatric with leopard cats. The 3 species occupy similar ecological niches and may therefore be termed as intraguild competitors. Since jungle cats and rusty-spotted cats typically inhabit dry habitats, and in contrast, leopard cats prefer wet habitats (Mukherjee 2013) , it would be interesting to examine the scale and extent of spatial overlap or segregation among the 3 species. In fact, this could perhaps provide an alternate explanation for the near absence of leopard cats in Nagarahole and Bandipur.
Study design limitations.-Although our results are based on robust population estimation techniques, we recognize certain limitations with respect to our study design. We set most camera stations along forest roads so as to obtain maximum captures of large carnivores. The distance between 2 camera units at each station also was such that clear photographs of large carnivores could be obtained. As a consequence, this yielded many singleflank photographs of leopard cats, often photo-captured only on the camera unit that was closer to the passing individual. Setting more cameras along narrow forest trails or random placement of traps (Wearn et al. 2013 ) may have increased photo-capture efficiency and baseline encounter probabilities and reduced the number of single-flank photo-encounters. Given that leopard cats are habitat generalists and are known to preferentially use partially human-modified areas (Grassman et al. 2005; Rajaratnam et al. 2007; Mohamed et al. 2013) , our selection of study sites may have had an inherent bias. The larger Western Ghats landscape has a land-cover matrix of degraded reserve forests, plantations of coffee, rubber, tea, and areca nut, along with human-dominated areas (Das et al. 2006) , which may support a larger population of leopard cats. Our camera stations were located in relatively undisturbed areas within protected wildlife reserves. This may have biased our focus toward areas with low leopard cat densities.
Conservation implications.-The Western Ghats landscape is currently being subjected to massive developmental activities as a consequence of rapid economic growth. These largescale land-use changes and diversion of nonprotected forests for commercial use have rendered several protected areas isolated with hard habitat edges (Das et al. 2006; DeFries et al. 2010) . Photo-capture data from our camera surveys suggest that coffee plantations and multiuse forests adjoining protected forests support a host of small carnivores including jungle cats, rusty-spotted cats, palm civets, civets, and mongooses, besides a thriving leopard cat population. Preventing massive land-use changes from infrastructural projects in areas surrounding the reserves and retaining the landscape mosaic consisting of protected reserves partially modified forests, and coffee plantations may, therefore, facilitate the persistence and conservation of leopard cats and other small carnivores.
Our estimates of leopard cat densities in the Western Ghats are a primer for a more extensive assessment of their populations. As a first step, conservation efforts for the species can greatly benefit from baseline estimates of populations in other parts of their distribution range, using the methods demonstrated in this article. Information from such studies, together with continuous population monitoring, could potentially aid a categorical reassessment of the species' conservation status. Further, our study demonstrates the utility of spatial capturerecapture methods for estimating populations of leopard cats. These may be extended and applied for carefully designed surveys of other small felids with distinct morphological features, such as fishing cats, rusty-spotted cats, and marbled cats, which are of high conservation priority.
